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Physical and genetic map of the Spiroplasma
kunkelii CR2-3x chromosome

Ellen L. Dally, Thereza S.L. Barros, Yan Zhao, ShaoPing Lin, Bruce A. Roe, and
Robert E. Davis

Abstract: Spiroplasma kunkelii (class Mollicutes) is the characteristically helical, wall-less bacterium that causes corn
stunt disease. A combination of restriction enzyme analysis, pulsed-field gel electrophoresis (PFGE), and Southern
hybridization analysis was used to construct a physical and genetic map of the S. kunkelii CR2-3x chromosome. The
order of restriction fragments on the map was determined by analyses of reciprocal endonuclease double digests employing
I-Ceul, Ascl, Apal, Eagl, Smal, BssHII, Bgll, and Sall; adjacent fragments were identified on two-dimensional pulsed-
field electrophoresis gels. The size of the chromosome was estimated at 1550 kb. Oligonucleotide pairs were designed
to prime the amplification of 26 S. kunkelii gene sequences in the polymerase chain reaction (PCR). Using PCR
amplicons as probes, the locations of 27 S. kunkelii putative single-copy genes were positioned on the map by Southern
hybridization analyses of chromosomal fragments separated in PFGE. The nucleotide sequence of the single ribosomal
RNA operon was determined and its location mapped to a chromosomal segment bearing recognition sites for Sall,
Smal, Eagl, and I-Ceul.

Key words: Spiroplasma kunkelii CR2-3x, corn stunt spiroplasma, mollicutes, genome mapping, two-dimensional
pulsed-field gel electrophoresis.

Résumé : Spiroplasma kunkelii (classe Mollicutes) est une bactérie sans parois d’aspect hélicoidal qui cause la maladie
du rabougrissement du mais. Une combinaison d’analyses par enzymes de restriction, d’électrophorese sur gel en champs
pulsé (PFGE) et d’analyses par hybridation de type Southern fut employée afin de construire une carte physique et
génétique du chromosome de la souche CR2-3x de S. kunkelii. L’ordre des fragments de restriction dans la carte fut
déterminé en analysant la double digestion d’endonucléases réciproques, utilisant pour ce faire I-Ceul, Ascl, Apal,
Eagl, Smal, BssHII, Bgll et Sall; les fragments adjacents furent identifiés sur des gels d’électrophorése en champs
pulsé bidimensionnel. La taille du chromosome fut estimée a 1550 kb. Des paires d’oligonucléotides furent congues
afin d’amorcer I’amplification de la séquence de 26 genes de S. kunkelii par réaction de la polymérase en chaine (PCR).
En employant les amplicons de PCR en tant que sondes, les localisations de 27 genes putatifs a copie unique de

S. kunkelii furent positionnées dans la carte par analyses d’hybridation de type Southern de fragments chromosomiques
séparés par PFGE. La séquence nucléotidique de I’opéron d’ARN ribosomal unique fut déterminée et sa localisation
chromosomique fut cartographiée a un segment chromosomique renfermant les sites de reconnaissance de Sall, Smal,
Eagl et I-Ceul.

Mots clés : Spiroplasma kunkelii CR2-3x, spiroplasmes du rabougrissement du mais, mollicutes, électrophorese sur gel
en champ pulsé bidimensionnel.
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Introduction

Members of the genus Spiroplasma (class Mollicutes) are
characteristically helical, wall-less bacteria. First discovered in
diseased plants (Davis and Worley 1973; Davis et al. 1972),
currently known spiroplasmas comprise broadly diverse species
infecting plants, insects, ticks, freshwater crustaceans, and a
marine shrimp (Hackett and Clark 1989; Nunan et al. 2005;
Wang et al. 2004, 2005). Like other mollicutes, spiroplasmas
are thought to have descended from low G+C Gram-positive
clostridium-like eubacterial ancestors by degenerative or
reductive evolution that resulted in significant losses of genomic
sequences and biochemical capabilities (Woese et al. 1980) and
in small genome size (940-2200 kb) (Carle et al. 1995).

Corn stunt disease caused by Spiroplasma kunkelii is a
major limiting factor in the production of corn (maize, Zea
mays L.) in the Americas (Davis et al. 1981; Giménez Pecci
et al. 2002; Hruska and Gomez Peralta 1997; Nault 1990;
Oliveira et al. 2003; Whitcomb et al. 1986). Spiroplasma
kunkelii is transmitted in a persistent, propagative manner
from diseased to healthy corn plants by phloem-feeding
leathoppers. In nature, the major insect vectors of S. kunkelii
are Dalbulus maidis (DeLong and Wolcott) and Dalbulus
elimatus (Ball) (Davis et al. 1981; Nault 1990). In diseased
corn, the spiroplasma resides in phloem sieve cells and
induces symptoms of severe stunting, tillering, broad chlorotic
striping of leaves, sterility in tassels, poorly filled ears, and
sometimes, reddening of leaves. Control measures for corn
stunt disease currently include planting of resistant corn hybrids,
controlling insect vector populations by use of insecticides
or by other measures, and adjusting planting dates (Hruska and
Gomez Peralta 1997; Summers and Stapleton 2002).

Although S. kunkelii is an agriculturally important pathogen
exhibiting trans-kingdom parasitism, parasitizing both plant
and insect hosts, relatively little is known about its biochemistry,
genetics, and physiology. To gain new insights into the basic
biological processes and mechanisms of survival, host adap-
tation, and pathogenicity of this prokaryote, a collaborative
project was initiated to sequence, assemble, and annotate the
entire genome of S. kunkelii CR2-3x (http://www.genome.
ou.edu/spiro.html and http://www.barc.usda.gov/psi/mppl/
spiroplasma/index.html). Several reports using the publicly
available sequence data generated in the project have recently
been published (Bai et al. 2004a, 2004b; Davis et al. 2005;
Zhao et al. 2003, 2004a, 2004b, 2005), providing new
knowledge of cellular processes, metabolism, gene organiza-
tion, and pathogenicity of S. kunkelii.

Here, we describe the construction of a physical and genetic
map of S. kunkelii CR2-3x chromosome by using restriction
enzyme analyses, one- and two-dimensional (2-D) pulsed-field
gel electrophoresis (PFGE), and Southern hybridization analyses.
The map will contribute to a general understanding of the organi-
zation of the S. kunkelii genome, provide a basis for comparative
genome analysis with other spiroplasma chromosomes, and con-
tribute to an understanding of spiroplasma evolution.

Materials and methods

Spiroplasma culture and DNA extraction
Spiroplasma kunkelii CR2-3x, originally isolated from
naturally infected corn plants in Costa Rica, was triply cloned
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and verified for insect transmission and was kindly supplied
by Dr. Jacqueline Fletcher at Oklahoma State University,
Stillwater. The strain was grown in serum-containing
medium LD8A3 (Lee and Davis 1989) at 30 °C to a concen-
tration of ~5 x 108 cells/mL. Total genomic DNA for use in
conventional agarose gel electrophoresis and in polymerase
chain reactions (PCR) was isolated from cells according to
the previously published procedure of Lee and Davis (1980).

Preparation of genomic DNA for PFGE

Spiroplasma kunkelii cells were embedded in agarose, lysed,
and deproteinized as described by Neimark and Kirkpatrick
(1993) with some modifications. The cell culture (~5 x
108 cells/mL) was pelleted by centrifugation (12 000g, 35 min),
washed once in sterile TS buffer (20 mmol/LL Tris—HCI,
pH 8.0, 10% sucrose), and resuspended in TS at a 10-fold
concentration relative to the original culture. Cell suspen-
sions were warmed briefly at 37 °C and quickly mixed with
an equal volume of 2% agarose (Low Melt Preparative
Grade Agarose, Bio-Rad Laboratories, Hercules, Calif.) in
2x TES buffer (0.2 mol/L Tris—HCIl, 0.2 mol/L NaCl,
20 mmol/L. EDTA, pH 8.0), which had been previously
melted and maintained at 45 °C. The mixture was rapidly
dispensed into ice-cold disposable plastic molds (Bio-Rad
Laboratories) and allowed to solidify for 30 min. Each
agarose block contained 75 puL of the cell-agarose mixture.
The solidified agarose blocks were removed from the molds
and incubated in prewarmed lysis buffer (0.5 mol/L EDTA,
pH 8.0, 1% SDS; 100 blocks in 30 mL), supplemented with
1 mg/mL proteinase K (Invitrogen, Carlsbad, Calif.), at 52 °C
for 72 h, with a change of lysis buffer every 24 h. The SDS—
lysis solution was then replaced with prewarmed sarkosyl—
EDTA solution (1% N-laurylsarcosine, 0.5 mol/L EDTA,
pH 8.0), and the blocks were incubated for 1 h at 52 °C
before long-term storage at 4 °C. Before restriction endo-
nuclease digestion, blocks were washed four times with 1x
TE buffer (10 mmol/L Tris—HCI, pH 8.0, I mmol/L EDTA)
at room temperature for 1 h each time.

Restriction endonuclease digestion of genomic DNA
Agarose blocks containing S. kunkelii genomic DNA were
digested with restriction endonucleases, including Apal, Ascl,
Bgll, BssHII, Eagl, Smal, and Sall (New England BioLabs,
Beverly, Mass.), and with I-Ceul, according to the manufac-
turer’s guidelines. Three to five blocks were placed in a sterile
2 mL microcentrifuge tube and equilibrated with 1 mL of
the appropriate restriction enzyme buffer supplemented with
100 pwg/mL of bovine serum albumin for 2 h on ice. Then
40-60 U of restriction enzyme was added to each tube, and
the blocks were allowed to equilibrate on ice for another 2 h
before incubating at the appropriate reaction temperature
overnight (16—18 h). Additional restriction enzyme was added
to each tube (half the initial amount), and the blocks were
incubated for five more hours. The digestions were stopped
by rinsing the blocks in 1x TE buffer. Double digestions
were performed sequentially. For double digestions analyzed
by 2-D PFGE, agarose strips containing the DNA fragments
after digestions with one enzyme and electrophoresis in one
dimension were excised from the gel, washed with 1x TE,
placed in sterile tubes, and equilibrated with the appropriate
buffer for 16 h. After equilibration with 150-200 U of
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enzyme for 2 h on ice, the DNA fragments were digested for
16-18 h, and then additional enzyme (half the initial amount)
was added and incubation continued for five more hours.
After enzyme digestions, agarose blocks and strips were
stored at 4 °C in 1x TE prior to PFGE. Predictions of the
numbers of recognition sites were calculated as described (Ye
et al. 1992).

PFGE

PFGE was performed in a contour-clamped homogeneous
electric field apparatus (CHEF-DR III, Bio-Rad Laboratories)
following the manufacturer’s guidelines. Agarose gels (1%
Pulsed-Field Certified Agarose, Bio-Rad) were run in 0.5x
TBE (44.5 mmol/L Tris—HCIl, 44.5 mmol/L boric acid,
1 mmol/L EDTA, pH 8.0) at 14 °C, constant voltage (6 V/cm),
and 120° reorientation angle, with switch times and run times
varying according to the size range of fragments being sepa-
rated. The sizes of separated fragments were estimated by
comparing mobilities of the bands with those of DNA
molecular size standards for PFGE (Low Range PFG Marker,
MidRange I PFG Marker, MidRange II PFG Marker, Lambda
Ladder PFG Marker, and Yeast Chromosome PFG Marker;
New England BioLabs). Gels were stained in ethidium
bromide (0.5 pg/mL) for 30 min, destained in water for
30 min, and photographed under ultraviolet (UV) light.

Two-dimensional PFGE was carried out as described by
Bautsch (1988) and Birren and Lai (1993). The double
digestions with different enzymes for the 2-D PFGE were
performed sequentially, as described above. The DNA frag-
ments cut from the first pulsed-field (PF) gel were digested
by the second restriction enzyme, cast in a second gel, and
run under conditions compatible with separating the smaller
restriction fragments expected from the second digestion.
Fragments resulting from the single and double enzyme
digestions of DNA in blocks were also included for analysis
by 2-D PFGE. Linking fragments on the map were identified
as described by Bautsch (1988). The order of the restriction
fragments on the chromosome was determined by analyses
of sequential, reciprocal double digests analyzed in the 2-D
PF gels.

Spiroplasma kunkelii genomic DNA probes

Spiroplasma kunkelii genes of interest for use as hybrid-
ization probes were identified from the publicly available
nucleotide sequence data of the Spiroplasma kunkelii Strain
CR2-3x Genome Sequencing Project at http://www.genome.
ou.edu/spiro.html. A primer pair for use in PCR was
designed to amplify a portion of each gene; PCR was carried
out as previously described (Barros et al. 2001), except that
the annealing temperature used was 55 °C. Genes and PCR
primers are listed in Table 1. Probes were prepared by random-
primed labeling of PCR products with digoxigenin (DIG),
using the DIG-High Prime Labeling Kit (Roche Applied
Science, Indianapolis, Ind.), according to the manufacturer’s
directions.

Southern blot hybridization analysis

DNA fragments in PF gels were transferred onto posi-
tively charged nylon membranes (Roche), hybridized with
DNA probes, and hybridizations were detected by standard
procedures (Maniatis et al. 1982) with some modifications.

859

After electrophoresis and staining in ethidium bromide,
DNA fragments in PF gels were exposed to a total of 60 mJ
of UV energy in a Stratalinker UV Crosslinker (Stratagene,
La Jolla, Calif.) to facilitate the transfer of high molecular
weight DNA during blotting. Following denaturation and
neutralization, the DNA fragments were transferred to nylon
membranes in 20x SSC (3 mol/L NaCl, 0.3 mol/L sodium
citrate, pH 7.0) for 48 h and were bound to the membrane by
UV cross-linking. Membranes were incubated with DIG-
labeled DNA probes. Prehybridization and hybridization
with the probe were performed at 42 °C in the presence of
50% formamide, 5x SSC, 5% SDS, 5% sarkosyl, and 5%
blocking reagent (Roche). After a 16 h hybridization period,
the membranes were washed two times in 2x SSC with
0.1% SDS at room temperature for 15 min each time, fol-
lowed by two high stringency washes in 0.5x SSC with
0.1% SDS at 50 °C for 25 min each. Filter blocking was per-
formed at room temperature for 4 h in blocking solution (2%
blocking reagent, 0.1 mol/L. maleic acid, 0.15 mol/L NaCl,
pH 7.5). The hybridization signal was detected by a
colorimetric assay with anti-DIG alkaline phosphatase-
conjugated Fab fragment (Roche) with nitroblue
tetrazolium (Roche) and 5-bromo-4-chloro-3-indolyl phos-
phate (Roche) as substrates, according to the manufacturer’s
guidelines. Each gene was located on the physical map by
identifying the overlapping restriction fragments detected in
the hybridization.

Results

Undigested high molecular weight genomic DNA did not
migrate in PFGE, indicating that S. kunkelii CR2-3x possessed
a circular chromosome, as suggested for that of Mycoplasma
pneumoniae by Krause and Mawn (1990). A low-intensity
single band was occasionally observed in addition to
unmigrated DNA; results from hybridization experiments,
using total S. kunkelii DNA as a probe, indicated that the
band was spiroplasma chromosomal DNA probably linear-
ized by random breakage. The size of the spiroplasma chromo-
some was estimated at 1600 kb.

Restriction analysis of chromosomal DNA and size of the
chromosome

High molecular weight spiroplasma DNA was digested
with 25 restriction endonucleases to determine which enzymes
produced a small number of fragments well-separated by
PFGE and, therefore, were useful for mapping the chromosome.
Since S. kunkelii DNA has a low G+C content (~26 mol%),
restriction enzymes that have recognition sites high in G+C
were chosen for this screening. Compared with undigested
DNA, digestions with Ascl (recognition site, GGCGCGCC)
and I-Ceul (recognition site, TAACTATAACGGTCCTAAGGT
AGCGA) resulted in a significant increase in the intensity of
the band that migrated at 1600 kb on PF gels. This result
indicated that the spiroplasma chromosome was circular and
contained a single site for each of these two enzymes. Norl
(recognition site, GCGGCCGC) and Fsel (recognition site,
GGCCGGCC) did not cut the S. kunkelii CR2-3x chromo-
some.

Restriction enzymes chosen for constructing the map
included Apal (recognition site, GGGCCC), Eagl (CGGCCQG),
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Fig. 1. Pulsed-field gel electrophoresis of high molecular weight
genomic DNA from Spiroplasma kunkelii CR2-3x digested with
restriction endonucleases Eagl (Ea), BssHII (Bs), Sall (S1),
Smal (Sm), and Bgll (Bg). DNA fragments were separated in a
1% agarose gel with 0.5x TBE buffer (14 °C) at 6 V/cm, using
a separation angle of 120°. Pulse time was ramped from 3 to
30 s for 24 h. Lanes: L, Lambda Ladder PFG Marker; M,
MidRange I PFG Marker. Sizes (kb) of DNA fragments are
indicated at left.
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Smal (CCCGGG), BssHII (GCGCGC), Bgll (GCCNNN
NNGGCOC), and Sall (GTCGAC). The number of DNA bands
that could be detected on the PF gels after single digestions
with these enzymes ranged from 3 to 15 (Fig. 1 and data not
shown). Some bands represented multiple fragments, based
on the intensity of their staining by ethidium bromide. For
example, fragments E and F in the Bgl/l digest formed a
double band corresponding to co-migrating DNAs of about
85 kb (Fig. 1). In some cases, multiple fragments that
formed a single band under one set of PF conditions could
be separated by using different pulse and run times, making
it possible to estimate the sizes of the fragments individually.
In other cases, co-migrating fragments could not be resolved
using one-dimensional PFGE. The sizes of fragments were
averaged from the results of several PF gels run under different
pulse and electrophoresis run times. Conventional agarose
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gel electrophoresis of total DNA extracted from S. kunkelii
CR2-3x, and digested singly with BssHII, Sall, Smal, or
Bgll, confirmed the sizes of bands <15 kb detected in PFGE
and revealed the presence of three additional DNA bands
less than 5 kb in the Sall digest (data not shown). Fragments
resulting from single digests of chromosomal DNA were
designated by Apa, Eag, Bgl, Bss, Sal, or Sma and a letter,
or a letter and number, to identify fragments resulting from
digestions with the enzymes Apal, Eagl, Bgll, BssHII, Sall,
or Smal, respectively, (Table 2).

The size of the S. kunkelii CR2-3x chromosome was
estimated by addition of the sizes of the restriction enzyme
fragments (Table 2). DNA fragments determined, in a separate
study using Southern hybridizations (data not shown), to
represent plasmids were not included. The estimated size of
the chromosome was 1550 kb, a result in close agreement
with the size (1600 kb) estimated based on analyses of the
undigested, linearized chromosome and the DNA digested
with Ascl or I-Ceul.

Analyses of double digestions and 2-D PF gels

To determine the chromosomal order of single enzyme
restriction fragments, we used 2-D PFGE to separate DNA
fragments obtained in sequential, reciprocal double enzyme
digestions using Apal, Eagl, Bgll, BssHII, Sall, and Smal in
all possible pair combinations. An example of a typical gel
is shown (Fig. 2). Linking fragments were identified by compar-
ing identical DNA spots from the reciprocal digests on the
2-D gels and were assigned as overlapping on the chromo-
some map. Although it was not always possible to detect, in
2-D PF gels, small (<20 kb) DNA bands resulting from
double enzyme digestions because of insufficient amounts of
DNA, their presence could be deduced when the sum of
sizes of the double digestion products was less than the size
of the single fragment from which they were derived.

Construction of the physical map of the S. kunkelii
CR2-3x chromosome

The physical map of the S. kunkelii CR2-3x chromosome
(Fig. 3) was constructed after determining the linked, over-
lapping restriction fragments and the relative cleavage posi-
tions of the enzymes based on analyses of 2-D PF gels.
Initially, the three Apa fragments were arbitrarily ordered
and the three Apal sites placed on the circular map. The
fragments from the Eagl digests were then aligned with the
Apa fragments. Two Eag fragments (A and C) were ordered
with the three Apa fragments, and three Eagl sites were
placed on the map, but the order of fragments Eag B and
Eag D in the Apa A fragment could not be determined until
additional analyses of 2-D PF gels with Eagl and BssHII or
Smal. Using the data from 2-D PF gels and identification of
linking fragments, the restriction fragments were aligned,
and the cleavage sites from enzymes Ascl, I-Ceul, Smal,
BssHII, Bgll, Sall, and the fourth Eagl site were placed on
the chromosome map.

Pairs of DNA fragments (Bgl E and Bgl F, Bgl I and Bgl J,
and Sal I and Sal J) that had co-migrated in one-dimensional
PFGE were resolved in 2-D PFGE and their positions mapped
accurately on the chromosome.

Some of the smallest (<50 kb) DNA fragments resulting
from Sall digestion were difficult to position on the map.
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Table 2. Size estimations of Spiroplasma kunkelii CR2-3x chromosomal DNA fragments generated by single digestion with selected

Restriction enzyme Fragment designation and size (kb)

Ascl or I-Ceul A
1600
Apal A B C
1250 170 130
Eagl A B C D
700 645 170 35
BssHII A B C D
255 235 225 150
Smal A B C D
300 265 235 185
Bgll A B C D
425 365 240 100
Sall A B C D
230 200 150 145

E F G H 1 J K
125 120 110 95 85 55 35
E F G H 1 J K
148 130 115 65 42 32 18
E F G H 1 J K
85 85 65 50 45 45 28
E F G H 1 J K
127 100 90 80 55 55 48

*Fragments Sal S-1, Sal S-2, and Sal S-3 were detected and their sizes estimated by conventional agarose gel electrophoresis.

Fig. 2. One- and two-dimensional pulsed-field gel electrophoresis (PFGE) of Spiroplasma kunkelii CR2-3x genomic DNA digested with
Smal and (or) Sall. (A) Two-dimensional PFGE of DNA digested with Smal followed by Sall; letters indicate individual Smal frag-
ments digested with Sall. (B) One-dimensional PFGE of DNA digested with Sa/l (Sl), Sall and Smal (D), or Smal (Sm). (C) Two-
dimensional PFGE of DNA digested with Sall followed by Smal; letters indicate individual Sall fragments digested with Smal. DNA
fragments were separated in the first dimension as described for Fig. 1; for the second dimension, the pulse time was ramped from 1

to 25 s for 20 h.
Smal then Sall

While the locations of fragments Sal K, Sal L, and Sal M-1
were later confirmed by hybridization experiments, as noted
below, mapped positions of other Sal fragments (Sal M-2,
Sal N, Sal O, Sal P, Sal Q, and Sal R) are tentative, since
they could not be well-separated in 2-D gels; three frag-
ments (<5 kb in size) were undetectable in 2-D PF gels and
were omitted from the map.

The single Ascl site was arbitrarily chosen as the zero
position of the map (Fig. 3). Although data from the PF gel
analyses did not permit unambiguous location of the restriction
sites for Apal, Bgll, Smal, BssHII, and Sall that clustered
near the Ascl site, examination of the S. kunkelii CR2-3x
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genome sequence data indicated that these sites were placed
accurately on the map (Fig. 3).

Localization of genetic markers on the S. kunkelii
chromosome

A partial genetic map of the S. kunkelii CR2-3x chromo-
some was constructed by determining the positions of 27
S. kunkelii chromosomal genes on the physical map. The
genes, generally single copy in bacterial chromosomes, were
identified in data from the Spiroplasma kunkelii Strain CR2-
3x Genome Sequencing Project, and oligonucleotide pairs
were designed to prime amplification of partial gene sequences
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restriction endonucleases and detected by pulsed-field gel electrophoresis.

Total size chromosome (kb)

L o

26 11 10 9

L

17

L M-1 M-2 N (6] P Q
45 42 42 24 20 20 16

1600

1550

1550

1546

1535

1550

S-1* S-2% S-3*
3.8 2 1.6 1511

from S. kunkelii DNA in PCR (Table 1). Of the 27 genes, 23
are involved in diverse cellular processes, including DNA
replication and chromosome partitioning (dnaA, gyrA, parC,
and smc); RNA transcription and protein translation (rpoB,
argS, leuS, thrS, and rrn); carbohydrate, nucleotide, and
co-enzyme metabolism (amyA, gapN, gpm, eno, fruk, thyA,
pnp, folD, and fhs); membrane structure (lemA and spiralin
gene); and protein secretion (secY, secA, and ffh). The
remaining four genes encode proteins of unknown functions.
Every PCR yielded a single DNA product, which was
labeled for use as a hybridization probe.

The 27 gene probes were used in Southern hybridization
analyses of chromosomal DNA digested singly with Apal,
Eagl, Bgll, BssHII, Sall, and Smal and separated by PFGE.
The results of a typical PF gel and corresponding hybridization
experiment are shown in Fig. 4. Results from the DNA
hybridizations indicated that the probes were derived from
single copy genes in the S. kunkelii CR2-3x chromosome.

Overlapping restriction fragments were identified and the
genetic markers were located on the restriction map (Fig. 3).
Each probe hybridized to a set of specific restriction frag-
ments, and the approximate position of each gene was
located on the chromosome within the boundaries of restriction
sites that defined overlapping fragments; the 27 gene loci
were widely distributed on the chromosome. In some cases,
several genes mapped to an identical set of restriction frag-
ments, but the gene order could not be precisely ascertained.
For example, ffh, amyA, and argS each hybridized to frag-
ments Eag A, Apa A, Bgl C, Sma A, Bss C, and Sal E, placing
them within the area limited by the restriction site separating
fragments Sal K and Sal E and the restriction site separating
fragments Bss C and Bss J, but their precise order on the
chromosome remains undetermined.

Spiroplasma kunkelii has a single ribosomal RNA (rrn)
operon

The restriction fragment length polymorphism analysis
showed that the chromosome of S. kunkelii CR2-3x con-
tained a single restriction site for I-Ceul (Fig. 3). This result
was consistent with the presence of a single rrn operon in
the S. kunkelii genome, since I-Ceul is an endonuclease that

recognizes a single, highly conserved 26 kb sequence found
in the 23S rRNA genes of many bacteria (Liu et al. 1993). In
addition, hybridizations with the S. kunkelii 16S-23S rDNA
probe localized the operon to a single location on the chro-
mosome spanning a recognition site for Sall (Fig. 3). The
probe derived from S. kunkelii 16S-23S rDNA hybridized
with fragments Eag D, Apa A, Bgl K, Sma B, and Bss C and
with two Sall fragments, Sal K and Sal M-1. While the
DNA sequence of the probe contained a single Sall site but
no sites for any other enzymes used in the mapping or the
hybridization analyses, results of a query of the S. kunkelii
Genome Sequencing Project database indicated that the
complete rrn operon sequence also contained one site each
for Eagl, I-Ceul, and Smal. These results permitted accurate
placement of the single rrn on the chromosomal map at the
junction of two Sall fragments (Sal K and Sal M-1) (Fig. 3).
The complete sequence of the S. kunkelii CR2-3x rrn operon
was deposited in GenBank (accession No. DQ319068); gene
order in the operon was 16S 23S 5S rRNA, an arrangement
typical of bacterial rrn operons.

Discussion

In this study, the positions of 27 single copy genes were
located on a detailed physical map of the S. kunkelii CR2-3x
chromosome that was constructed by use of a combination
of restriction enzyme analyses involving one- and two-
dimensional PFGE and gene probe hybridizations of over-
lapping fragments to confirm the order of restriction fragments
on the map. The estimated size of the strain CR2-3x chro-
mosome (1550 kb) is in good agreement with chromosome
sizes reported for other corn stunt spiroplasma strains,
including strains E275 (1580-1610 kb) (Carle et al. 1995),
1747 (1620 kb), and FL8O (1650 kb) (Barros 2002), and is
within the size range (940-2220 kb) estimated for chromo-
somes of other spiroplasma species (Carle et al. 1995).

Of the eight restriction enzymes, having a total of 66
restriction sites detected on the CR2-3x chromosome map,
Apal and Eagl had fewer sites and BssHII and Smal had
more sites than predicted based on base composition and
chromosome size. Twenty-two recognition sites for Sall were
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Fig. 3. Physical and genetic map of the Spiroplasma kunkelii CR2-3x chromosome. Restriction enzymes Apal, Ascl, Eagl, I-Ceul,
BssHII, Bgll, Sall, and Smal were used to construct the map. Radial lines indicate recognition sites for the enzymes. Letters designate
individual fragments from enzyme digestion; fragment sizes are listed in Table 2. Tangential straight line segments indicate regions of
the chromosome to which the single-copy genes were mapped. Gene designations are listed in Table 1. oriC, putative chromosomal
origin of replication.

leus Tfruk

detected in the chromosome, representing only 37% of the
predicted 62 cleavage sites, suggesting that some Sall recog-
nition sequences were not detected. One possibility is that
DNA methylation may account for the relatively low num-
ber of Sall sites detected in the S. kunkelii chromosome, as
was suggested for Spiroplasma melliferum and Spiroplasma
citri (Ye et al. 1992, 1994a, 1995). Ye et al. (1992) sug-
gested that the majority of Sall sites in the S. citri chromo-
some were part of a sequence that is methylated, blocking
cleavage by this enzyme, and that S. citri strains may differ
in the efficiency of their methylation systems (Ye et al. 1995).
Interestingly, a search of the Spiroplasma kunkelii Strain
CR2-3x Genome Sequencing Project database identified
sequences that potentially encoded the three components of
a type I restriction modification system, including genes for

spiralin
\¢—thrS
fhs,
4 foID
Spiroplasma kunkelii
CR2-3x S
<t
1.55 Mb e
| / ¥—5K98-36

amyA

the restriction (hsdR), methylase (hsdM), and site-specificity
(hsdS) components (this paper).

Sites for restriction enzymes having high G+C recognition
sequences were unevenly distributed in the S. kunkelii CR2-
3x chromosome. For example, 42% of all such sites were
located in just 20% of the genome, from base positions 1250
to 25 kb on the chromosome map (Fig. 3). Other regions
with clustered restriction sites included the areas from 215
to 280 kb and from 640 to 735 kb. The clustering of restric-
tion sites may indicate that the G+C content is variable
along the chromosome and that several regions have a higher
G+C content than others. Clustering of high G+C restriction
sites has been observed on the chromosome maps of other
members of class Mollicutes, including mycoplasmas
(Ladefoged and Christiansen 1992; Muto 1987; Pyle and
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Fig. 4. Southern blot analysis of (A) Spiroplasma kunkelii CR2-3x
genomic DNA digested with BssHII (Bs), Smal (Sm), and Sall
(S1), and (B) hybridized with a spiralin gene probe. Electrophoresis
was carried out as described in Fig. 1, except that the pulse time
was ramped from 1 to 25 s for 20 h, followed by a ramped pulse
time from 1 to 12 s for 12 h. DNA fragments (Sal A, Sma J,
and Bss L) hybridizing with the probe were 230, 32, and 26 kb,
respectively.

Bs Sm SI

Bs Sm Sl

SalA

Sma J

"
Bss L
B

Finch 1988; Tola et al. 2001), phytoplasmas (Lauer and
Seemiiller 2000; Marcone and Seemiiller 2001), and S. citri
(Ye et al. 1992). Thus, interspersal of high G+C nucleotide
sequence stretches among A+T-rich regions may be a com-
mon phenomenon in class Mollicutes.

Muto (1987) suggested that because of a biased mutational
pressure to replace GC pairs with AT pairs, functionally
less-important regions of a mycoplasma genome evolve
faster and have a lower G+C content than functionally more-
important regions. Thus, essential genes would have a higher
G+C mol% content than other genes and a higher G+C
mol% content than the genome overall. Therefore, regions
where G+C-rich restriction sites are clustered may denote
functional importance of the DNA in those regions (Muto
1987). Consistent with this hypothesis, 16S rRNA genes of
some mollicutes have been reported in chromosomal regions
that are high in G+C-rich restriction sites (Ladefoged and
Christiansen 1992; Pyle and Finch 1988; Tola et al. 2001; Ye
et al. 1992). The 16S rRNA gene of S. kunkelii is also
located in a region high in G+C-rich restriction sites (this
paper). In the present study, mapping the positions of smc
and secY accurately located a previously studied 85 kb DNA
fragment (Zhao et al. 2003) in a region of clustered G+C-
rich restriction enzyme recognition sites in the S. kunkelii
chromosome. This fragment has an overall base composition
of 27.8 mol% G+C and potentially encodes genes that are
functionally important for essential cell structures and pro-
cesses, including translation and ribosome structure, DNA
replication and chromosome segregation, regulation of tran-
scription, and RNA processing. These findings and the location
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of the S. kunkelii 16S rRNA gene tend to support the hy-
pothesis of Muto (1987).

Spiroplasma kunkelii is a member of spiroplasma group I
(Davis and Lee 1982; Williamson et al. 1998). Previous
studies have indicated that Spiroplasma spp. belonging to
group I may possess one or two rrn operons (Amikam et al.
1984; Bové et al. 1989; Grau et al. 1990) and that some
species in other groups may possess two copies of the rrn
operon (Amikam et al. 1984; Bové et al. 1989). The present
study indicates clearly that S. kunkelii CR2-3x possesses a
single rrn operon and provides the first complete nucleotide
sequence of the S. kunkelii rrn operon.

Identifying the positions of dnaA and gyrA on the
S. kunkelii chromosome map indicated the location of the
putative chromosomal origin of replication (oriC). The oriC
region of bacterial chromosomes, and the organization of
genes surrounding it, is highly conserved (Ogasawara and
Yoshikawa 1992). In most Gram-negative bacteria, the gene
order at the oriC is dnaA dnaN recF gyrB, and in Gram-
positive bacteria, gyrA is linked to this region: dnaA dnaN
recF gyrB gyrA. The organization of genes at the oriC
region of mycoplasmas is generally similar to Gram-positive
bacteria, but no recF has been found associated with this
region (Razin et al. 1998; Zou and Dybvig 2002). A query
of the Spiroplasma kunkelii CR2-3x Genome Sequencing
Project database indicated that the gene order was dnaA
dnaN gyrB gyrA (this paper), the same as reported by Ye et
al. (1994b) for the S. citri chromosome.

In this communication, we present 26 new oligonucleotide
pairs, designed on the basis of sequenced S. kunkelii genes,
that were useful for amplification of gene sequences in the
PCR. In addition to potential applications of the primers and
amplified gene sequences as markers in future genetic mapping
of other spiroplasma chromosomes, the primers significantly
expand the potential for the use of multi-locus analyses in
spiroplasma detection, identification, and phylogeny. To date,
chromosomal physical and genetic maps have been published
for only three Spiroplasma spp.: S. citri (Ye et al. 1992),
S. melliferum (Ye et al. 1994a), and S. kunkelii (this paper).
Direct comparisons of maps from different species may be
premature, since considerable genome rearrangements have
been reported even among diverse strains of S. kunkelii
(Barros 2002) and S. citri (Ye et al. 1995). On the other
hand, construction of the physical and genetic map of
S. kunkelii CR2-3x is assisting on-going efforts to sequence
the complete S. kunkelii genome by facilitating gap closure
through ordering contigs on the chromosome and identifying
sequences for design of primers used in PCR amplification
of gap-spanning sequences. The completed S. kunkelii CR2-3x
genome will lead to a better understanding of spiroplasma
phylogeny and evolution within and across species.
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